Understanding of the processes which take place within a reservoir during and after CO 2 injection is essential for successful selection of a storage site for carbon capture and storage. Flow regimes that occur when CO 2 is injected into a geological formation control how much CO 2 can be effectively injected and stored in the formation. This paper presents an experimental investigation of the scaling laws which describe CO 2 injection into saline aquifers. Quasi two-dimensional experiments were performed in initially water-filled glass-bead packs to demonstrate the influence of gravitational, viscous and capillary effects on the vertical flow of CO 2 . The properties of fluids used in the experiments are analogous to the properties of CO 2 and brine at possible reservoir conditions. Experiments are performed for a range of dimensionless capillary and CGR numbers which may describe conditions at existing storage sites. The use of dimensionless numbers links the laboratory experiments with the field scale observations and hence these numbers can be applied for the screening of potential storage sites. The experiments represent gravity and viscous unstable floods with fractal-like fronts. The gravity effects were more pronounced in cases with a low injection rate and high permeability, causing less brine displacement. Higher injection rates caused more fingering and increased total displacement.
Introduction
Selection of a geological storage site for carbon capture and storage must be preceded by accurate understanding of the flow processes that take place within the reservoir during and after CO 2 injection. The characteristics of flows that occur when CO 2 is injected into a deep geological formation control how much CO 2 can be effectively injected and stored within the formation. There have been numerous analytical and numerical studies on site characterization for CO 2 injection/storage based on scaling laws [1] [2] [3] that characterize the simultaneous flow of CO 2 -brine in subsurface formations. However, little experimental data have been reported that shed light on the nature of the drainage process which applies to the CO 2 injection [4] . This paper presents an experimental investigation of the scaling laws which describe CO 2 injection into saline aquifers.
Quasi two-dimensional experiments were performed in initially water-filled glass-bead packs that demonstrate the influence of gravitational, viscous and capillary effects on the vertical flow of CO 2 . Models used in experiments represent a homogeneous porous medium. Analogous fluids were used in the experiments and their properties correspond to the properties of CO 2 and brine at possible reservoir conditions. Experiments are described by dimensionless capillary and capillary-to-gravity-ratio (CGR) numbers which incorporate fluid and rock properties.
Flow regimes that occur when CO 2 is injected into a deep geological formation control how much CO 2 can be effectively injected and stored in the formation. Reservoir parameters such as depth, temperature, permeability and capillary pressure have great influence on CO 2 flow within a reservoir. Therefore experiments are performed for a range of capillary and CGR numbers which may describe conditions at existing storage sites. The use of dimensionless numbers links the laboratory experiments with the field scale observations and hence these numbers can be applied for the screening of potential storage sites.
Experimental setup
Synthetic porous medium and analogous fluids were used in the experiments. The porous medium was made of two vertical glass plates with space between them which was packed with glass beads. A glass bead model of uniform bead size represented a homogeneous porous medium. The glass-bead size controlled the permeability of the bead packs.
Analogous liquids were used in the experiments -a mixture of distilled water and glycerol, and n-heptane. This mixture separates into two phases at ambient conditions and, unlike the CO 2 -brine system, allows the phase properties to be varied simply by changing the compositions. The analogy was made based on the comparisons of density difference and viscosity ratios as well as capillary and CGR numbers calculated from the physical properties of both the analogous liquids at ambient conditions and CO 2 -brine systems at possible reservoir conditions [5, 6] . The n-heptane-rich phase is less dense and less viscous than the glycerol-rich phase and represents the CO 2 while the glycerol-rich phase is analogous to the aquifer brine. The density difference of 476 kg/m 3 between the analogous fluids falls in the range of the density difference between CO 2 and brine at possible reservoir conditions while the viscosity ratio of 30.8 of the phases stays within the range of the viscosity ratios at reservoir conditions for CO 2 -brine systems [5] . The interfacial tension for the analogous fluids is measured to be 34 mN/m and is within a range of values (27-49 mN/m) measured for CO 2 and brine at in-situ conditions [7] .
The quasi two-dimensional, vertical glass model used in experiments was packed with glass beads. Physical properties of the experimental model are presented in Table 1 . The glass-bead model was initially saturated with a mixture of glycerol and water, which is analogous to brine. The red dyed n-heptane-rich phase, analogous to CO 2 , was injected from the bottom of the model to displace glycerol-rich water. One pore volume (PV) of the n-heptanerich phase was injected at a constant rate in every experiment. The produced fluids were collected at the top of the model. During experiments the injection pressure, the mass of the injected and produced fluids and the breakthrough time were recorded. In order to visualize the changes in saturations, pictures were taken during the experiments. The schematic of the experimental setup is shown in Figure 1 . 
Experiments
The experiments were performed at ambient conditions. Only permeability (k) and injection rate (q) were varied and all the other parameters were kept constant. The red dyed n-heptane-rich phase (CO 2 ) was injected into the model which was fully saturated with the glycerol-rich phase (aquifer brine). Table 2 lists the properties of fluids used in experiments. The porosity of the model was measured to be 0.39 which was consistent with theoretical value for the glass beads poured into a bed (random packing) [8] . Two different sizes of glass beads were used: 0.2 mm and 0.4 mm.
These correspond to the theoretical permeability of 40.2 and 161.0 Darcy, respectively. The permeability was calculated with Rump and Gupte equation [9] :
where: Ԅ -porosity; d -glass bead diameter, m. Table 3 states the different scenarios of various permeability and injection rates which were investigated and the parameters used in calculations. There were 14 experiments performed in total and here the averaged results are presented for each case. Note that the low k, high q scenario has not been successfully performed due to the high pressure increase which could cause the model to burst. Also due to slightly higher permeability along the boundaries of the model and therefore preferential flow path, after the breakthrough, sometimes part of the injected fluid went along boundaries which affected the displacements. This however had no influence on the results of the experiments and final calculations of the presented cases but was a major issue in the attempts to perform the low k, high q case.
For a given fluid system, only permeability and flow velocity controlled the dimensionless parameters, hence only these parameters were varied to obtain different dimensionless numbers. The capillary number (N C ) is defined as the ratio of viscous to capillary forces: The capillary to gravity force ratio (CGR) [10] is defined as:
where: ¨ȡ -density difference of the fluids, kg/m 3 ; ݃ -acceleration of gravity, m/s 2 ; h -distance between model's inlet and outlet or formation thickness in the reservoir, m. Figure 2 shows the changes in saturation during injection (pictures taken after injection of 0.01, 0.10, 0.50 and 1.00 PV, and at the moment of breakthrough). Experiments represent gravity and viscous unstable floods. In all displacements fractal-like fronts can be observed. The flow paths are shorter in the high-permeability cases than in low permeability ones. Saturation changes during the experiments were calculated from mass balance of the injected and produced fluids, and density difference of the fluids. However, it is not straightforward to see the saturation changes by inspection of the pictures due to the resolution. At the high k, low q (Case 2A) the plume of the injected fluid was the narrowest. This is mainly because gravity effects were more pronounced in this case than in the others, forcing the fluid to flow more in the vertical direction (Figure 2, Case 2A) . As a result, less volume of the in-situ fluid was displaced compared to the high k, mid and high q cases (Figure 2, Figure 3a , Cases 2B and 2C).
Results of the experiments
When the injection rate was raised, the impact of viscous forces increased resulting in a larger plume and growth in recovery (Figure 2 and Figure 3a) . At high k, high q (Case 2C) the plume's lateral extent became larger and the flow paths at the front became longer than in other high k cases (Figure 2 ). Consequently, a large part of the brine was bypassed resulting in an early breakthrough. However, at later times, a lot of the bypassed brine was also produced and Case 2C obtained the highest recovery in all high k cases. Comparing results from cases with the same injection rate and different permeability (Case 1A vs. Case 2A and Case 1B vs. Case 2B, Figure 3a ) it is apparent that low k cases have higher sweep efficiency in the displaced area. Figure 3b shows the relation between the brine displaced and the CGR·N C number which is the ratio of viscous forces and gravity forces. The results show that the brine displaced after 1 PV of n-heptane has been injected decreases as the gravity control in the displacement increases. The reason for this observation is that gravity instability creates smaller plume, thus shorter flow paths, compared to the viscous instability. In case of brine displacement at the breakthrough there is no clearly visible regularity. Although volumes of displaced brine at the breakthrough in presented cases seem rather random, with no clear dependency on the CGR·N C number, the absolute differences are not large and values of displaced volumes are close to each other. Figure 4a shows CGR and N C ·CGR numbers calculated for the experiments and field cases. The input parameters for sedimentary basins were obtained from [5] . The authors provided eight sets of properties based on following parameters: depth (1000 and 3000 m, and pressure gradient of 10.5 MPa/km), temperature (gradient of 25 and 45 qC/km), and brine salinity. These properties determine the conditions in the reservoir formations and thus CO 2 viscosity and density, and IFTs. The generic storage formation in this study is assumed to have porosity of 15 %, permeability of 20 mD, and thickness of 30 m. Parameters used in calculations of dimensionless numbers for existing storage sites are obtained from [6] . Calculations for both, the storage sites and sedimentary basins, are made for the range of the flow rates used in the experiments. IFT is calculated according to the equation IFT=59.335/P 0.2446 (P -formation pressure, MPa) from [11] . The large difference between basins and existing storage sites that can be seen in Figure 4a is caused mainly by two parameters: permeability and formation thickness. By increasing them, basins would be shifted on the plot towards existing storage sites leaving behind the experiments. In order to get experiments scaled closer to the storage sites the fluid system has to be changed to a system with significantly lower IFT, e.g. around 1 mN/m. Figure 4b shows forces that govern fluid flow in the reservoir and direction of the increase of their importance. As could be expected, in the Sleipner case (Figure 4a ), gravity forces have significant influence on flow of CO 2 due to reservoir's high permeability (~5 D) and thickness (~250 m). On the contrary, the laboratory experiments are dominated by viscous and especially capillary forces, mainly due to the high IFT of the used fluids. Nevertheless, the experimental CGR and N C ·CGR numbers at the high permeability and low injection rate agree reasonably well with calculations for some of the sedimentary basins. 
Conclusions
The experiments described in this paper represent gravity and viscous unstable floods. In all displacements fractal-like fronts were observed. The flow paths were shorter in the high-permeability cases than in low-permeability cases. The gravity effects were more pronounced in cases with the low injection rate and high permeability. In such cases, the flood was forced to occur more in the vertical direction which resulted in less volume of the in-situ fluid displaced. When the injection rate increased (stronger viscous forces) more fingering and higher total displacement were obtained.
A plot of the brine displaced and the CGR·N C for all experiments clearly shows that the volume of brine displaced decreases as the gravity forces are rising. This observation is consistent with the conclusion made by Kopp et al. [3] .
Although at laboratory conditions fluids which were used resemble CO 2 and brine at possible reservoir conditions, the range of the existing storage sites was not reached in the scaling calculations. However, by lowering the IFT of the fluids, reducing injection rate, and increasing permeability it can be possible to scale the experiments to the conditions occurring in real storage sites. 
